Quasi-one-dimensional photonic crystal as a compact building block for refractometric optical sensors by Hopman, Wico C.L. et al.
IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 11, NO. 1, JANUARY/FEBRUARY 2005 11
Quasi-One-Dimensional Photonic Crystal as
a Compact Building-Block for Refractometric
Optical Sensors
Wico C. L. Hopman, Student Member, IEEE, Pierre Pottier, Didit Yudistira, Joris van Lith, Paul V. Lambeck,
Richard M. De La Rue, Fellow, IEEE, Alfred Driessen, Senior Member, IEEE, Hugo J. W. M. Hoekstra, and
René M. de Ridder, Member, IEEE
Abstract—We report the fabrication and the characteriza-
tion of the refractometric and thermo-optical properties of a
quasi-one-dimensional waveguide photonic crystal—a strong,
76- m-long Bragg grating. The transmission spectra (around 660
nm) of the structure have been measured as a function of both the
cladding refractive index and the temperature. The transmission
stopband was found to shift by 0.8-nm wavelength for either a
cladding refractive index change of 0.05 or a temperature change
of 120 K. The steep stopband edges provide a sensitive detection
method for this band shift, by monitoring the transmitted output
power.
Index Terms—Bragg, grating, photonic crystal, sensor, silicon
nitride, waveguide.
I. INTRODUCTION
ASTRUCTURE having a periodic index modulation in onedimension is known as a one-dimensional (1-D) photonic
crystal. If the structure has nonperiodic features in the other two
dimensions, it is denoted as a quasi-1-D photonic crystal. We
consider a wide ridge-type channel waveguide of silicon nitride
with a grating etched into the core layer.
Besides their use in theoretical studies for computationally
efficient modeling of selected properties of quasi–two-dimen-
sional (2-D) photonic crystals (also known as photonic crystal
slabs), e.g. [1] and [2], such grating structures have found di-
rect application as distributed Bragg reflectors and the like in
semiconductor lasers, and fiber Bragg gratings, especially for
optical wavelength filtering and dispersion compensation in op-
tical communication networks [3], [4]. They have also been used
as sensing structures, both in fiber devices [5] and in planar in-
tegrated optics [6]. In many of these Bragg grating applications,
one is interested in obtaining a narrow reflection peak and low
transmission losses outside the peak in order to obtain a selec-
tive and efficient optical wavelength filter. Such characteristics
require a relatively long grating with a weak index modulation.
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A Bragg grating with a strong index modulation shows a
typical property of photonic crystals: an extended transmission
stopband. Although such a structure does not possess a full pho-
tonic bandgap (i.e., overlapping stopbands for all propagation
directions and polarizations), it can still have a useful transmis-
sion stopband, since the channel waveguide strongly limits the
angular spectrum of incident waves. The width of this stopband
and the steepness of its edges increase with the strength of the
refractive index modulation.
For optical sensing purposes, we propose to exploit the steep
edges of the stopband of a strong grating. The central wave-
length and the edges of the stopband shift toward longer wave-
lengths with increasing average index of the structure. A small
wavelength shift of such an edge can cause a large change in the
transmitted power from a source having an appropriate wave-
length. The Bloch modes of a strong grating can have a large
overlap with the cladding material, providing an efficient mech-
anism for detecting index changes of, e.g., a fluid cladding. Al-
though the losses at the long wavelength stopband edge can
reach low levels [1], strong gratings are often considered less
suitable for practical applications due to out-of-plane diffrac-
tion loss. In fact, this may be of key importance considering
telecom devices, contrary to most sensor applications, where
this property can well be the measuring principle [7] For ex-
ample, it is sometimes immaterial whether a transmission min-
imum is caused by back reflection or out-of-plane scattering.
A key advantage of the proposed device is that the sensing
elements can be very compact (in this work, 76 m long, com-
pared to typically 4 cm for a Mach–Zehnder interferometer, as
in [8], or a few millimeters for surface plasmon resonance sen-
sors, e.g., [9]), opening the possibility of integrating an array of
sensors, each for detecting a different measurand or covering a
different range (e.g., of concentrations). The small measurand
volume needed and the resolution obtained are similar to those
of a recently demonstrated micro ring resonator based sensor
[10].
It has been demonstrated that the bandgap of a photonic
crystal that is infiltrated with a liquid crystal can be widely
tuned due to the thermally induced refractive index change of
the liquid crystal [11]. In addition, thermal tuning of resonance
frequencies of cavities in semiconductor photonic crystals has
been shown [12]. We show that the much smaller thermooptic
effect of Si N and SiO can be used for tuning the stopband
over a small range, which is, however, easily detectable by
1077-260X/$20.00 © 2005 IEEE
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Fig. 1. (a) Cross section of the refractive-index sensor. The sensing
element is a quasi-1-D photonic crystal, a strong grating in a Si N shallow
ridge-type waveguide. The top cladding over the grating is formed by a
fluid (the measurand) contained in a cuvette that is sealed to the sensor chip.
d = 22 nm, d = 212 nm, n = 2:01, n = 1:46, the value of n
is varied,  = 190 nm. (b) A schematic side view of the ridge waveguide,
t = 2 nm, W = 2 m.
observing the optical transmission near a band edge. This
effect may be used for tuning the structure into its optimum
operating point (with respect to the source wavelength) or for
optical switching. Although we used bulk heating of the entire
structure for measuring the thermooptic actuation, like [12], it
has recently been demonstrated that in spite of their strongly
nonplanar surface, photonic crystal structures can be thermally
tuned using small local heaters [13], [14].
II. EXPERIMENT
A. Device Fabrication
A schematic cross section of the investigated device, which
is based on the structure that was modeled in [1], is shown in
Fig. 1. The optical part of the structure is a three-layer waveg-
uiding-system with a 212-nm-thick Si N guiding layer
, grown on top of a 9- m-thick SiO buffer layer
on silicon. The top cladding (refractive index )
is either air, or a fluid of which the index could be varied. A
shallow, 2- m-wide ridge with a 2-nm step height, forming a
single-mode waveguide at 450 nm, was etched into the
Si N layer using conventional photolithography and wet chem-
ical etching. The grating period was chosen to be nm,
leading to a stopband located in the red visible spectrum. It has
401 periods, resulting in an overall length of 76.19 m. The
width of the grating is 80 m to ensure full overlap with the
evanescent field tails in the slab region next to the ridge. The
grating was defined with its grooves perpendicular to the axis of
the ridge waveguide using direct e-beam writing, and etched into
the Si N guiding layer using an intermediate Titanium mask
and reactive ion etching. After etching, an atomic force micro-
scope (AFM) was used for measuring the filling factor (groove
width 60% of ) and the etch depth (22 nm, i.e. approximately
10% of the guiding layer thickness). A small cuvette was placed
over the photonic crystal area, and sealed with silicone paste, so
that the top cladding of the structure could be replaced by a fluid.
B. Measurement Setup
The sensor is characterized by measuring transmission
spectra as a function of a measurand. This is carried out by
Fig. 2. Setup for characterizing the refractometer. At the start of a
measurement, vessels N1 and N2 contain different, mixable fluids. Pump
1 slowly adds fluid from vessel N1 to the stirred vessel N2, producing a mixture
of which the change of refractive index with time can be calibrated. Pump 2,
having the same flow rate as pump 1, feeds the mixture through the cuvette,
so that the refractive-index sensitivity of the sensor can be determined by
measuring the light transmission versus time.
using a tunable dye laser [620–700 nm] and a simple photode-
tector. In all cases, TE-polarized light was used, which was
coupled into the structure using the commonly used end-fire
setup, consisting of a half-wave plate, polarizer, and two 40
microscope objectives for in and output coupling.
1) Refractive Index Measurements: The sensitivity of the
sensor for changes in the cladding index could be measured by
feeding different fluids with known refractive indexes through
the cuvette, using the setup shown schematically in Fig. 2.
A continuous change in refractive index could be realized
by slowly mixing together two fluids of different refractive
indexes. At the start of the measurement, the closed vessel N2
contained pure ethanol (refractive index ). Vessel
N1 contained a benzyl-alcohol with a refractive index of 1.54,
which is 13% higher than that of ethanol. Pump 1 slowly added
benzyl alcohol to the fluid in vessel N2 which was stirred; both
fluids are well mixable. After feeding the mixture through a
relatively small volume cuvette the fluid was collected in a
third vessel. During the measurements, calibration data were
collected by monitoring the refractive index in vessel N2 using
an Abbe refractometer at a wavelength of 632.8 nm. The flow
system illustrated in Fig. 2 is characterized by a set of simple
differential equations. Using the calibration data, the param-
eters that were originally known with insufficient accuracy,
could be determined using a fitting procedure. After calibration,
the index at each moment in time was known with an accuracy
of approximately 5 10 .
2) Temperature Measurements: The temperature of the
sensor was adjusted by heating the entire chip. The temperature
was measured using a thermocouple. Due to the bulk heating
procedure, the optical alignment of the setup tended to drift
after adjusting the temperature. A period of approximately
30 min after an adjustment had been made, was needed for
stabilization.
III. MEASUREMENT RESULTS
The transmission spectra that were measured at the start and
at the end of a refractive index scan using the setup of Fig. 2 are
presented in Fig. 3. The first spectrum was measured with pure
ethanol , the second one with a mixture
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Fig. 3. Normalized transmission spectra for two different cladding indices
(n ). The air band edge and the dielectric band edge are labeled with
the letters A and B, respectively. Wavelengths  and  are fixed for probing
edges A and B, respectively, leading to the characteristics shown in Fig. 4.
Fig. 4. Normalized transmission versus the change in cladding index. Curve
1 (scanning edge A) is measured at  and curve 2 (edge B) is measured at 
(c.f. Fig. 3). Both curves are normalized to the maximum transmitted power, for
curve 1 and 2, respectively, 360 and 635 nW.
of ethanol and benzyl-alcohol. A wavelength shift (shift of edge
B) of about 4 nm was found for a cladding index change of
0.168.
The following variation of the measurement method exploits
the steep edges of the transmission stopband. By choosing a
measurement wavelength to be approximately halfway the slope
of the band edge (the wavelengths and are chosen out-
side the slope region so that the edges A and B, respectively,
could be characterized completely, see Fig. 3), a change in the
cladding index can be very accurately determined by monitoring
the transmitted power. A small change in cladding index will
shift the stopband to higher or lower wavelength, depending on
the sign of the index change. This shift causes a corresponding
large change in output power due to the steep slope of the band
edge. Setting and nm, the results shown
in Fig. 4 were obtained. The figure shows that the maximum
sensitivity is found at an index change of 0.024 for curve 2. In
order to arrive at a numerical value for obtained sensitivity, we
use, however, a conservative estimate based on the more gradual
slope of curve 1.
Fig. 5. Normalized transmission spectra for two different temperatures.
It is clear that both band edges show a marked output power
change with a change of cladding index. We define the sensi-
tivity of the sensor as
(1)
The values of the transmitted power and its derivative with re-
spect to the cladding refractive index can be determined
from Fig. 4, leading to a conservative estimate of (based
on the average slope of curve 1).
With the simple photodetector setup we used, a resolution
of 1% of the maximum transmitted power could be obtained.
The minimum detectable cladding index change is
(2)
for this sensor evaluating to a value 4 10 . Approxi-
mately the same value can be found directly from Fig. 3 by es-
timating from the spectral shift of the stopband for the given
index change, and the slope of the band edge.
The thermal tunability of the photonic crystal is demonstrated
by the normalized transmission spectra for two different tem-
peratures shown in Fig. 5. A 0.8-nm shift of the center stopband
wavelength is observed for a 122 K temperature change, corre-
sponding to a thermal tuning coefficient 7 1 pm/K.
As mentioned in Section II-B2), the measurement setup suffered
from drift of the in-coupling conditions. Since the measurement
of a single spectrum took several minutes, the distortion of the
transmission spectrum may be partly attributed to this effect.
Fig. 6 shows the center wavelength versus temperature. Be-
tween measurement points, we allowed the setup to stabilize for
at least 30 min. As should be expected, a linear relation was
found. The average thermal tuning coefficient found from this
more accurate measurement was 6.7 pm/K.
A calculation with a 2-D bidirectional eigenmode propaga-
tion method using the known thermo-optic coefficients of Si N
and SiO (both approximately 1 10 ), and the geometric pa-
rameters of the structure, results in a value of pm/K.
The discrepancy may be attributed to the effect of thermal ex-
pansion of the bulk silicon substrate and the elastooptic effect,
which the model did not account for.
14 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 11, NO. 1, JANUARY/FEBRUARY 2005
Fig. 6. Center wavelength (i.e., the wavelength exactly in the middle of the
stopband defined by the 3-dB point of the stopband edges) versus temperature.
Fig. 7. Maximum slope of the band edge @P=@ versus the number of grating
periods. Increasing the contrast in this 1-D model corresponds to increasing the
etching depth of the grating. The “small contrast” approximately represents the
fabricated structure; a contrast of 0.2. An refractive index contrast of 0.8 was
taken for the “large contrast.”
IV. DISCUSSION
The photonic crystal structure used in the measurements was
not optimized for sensing purposes, therefore, a further detailed
investigation is needed to determine the maximum achievable
improvement of the sensitivity. As expected, a wavelength
shift of the photonic band edges was observed on changing the
cladding index. The results prove that this photonic crystal de-
vice can be used as a sensitive integrated device for determining
the cladding index. Expanding (1), we obtain
(3)
clearly showing that the sensitivity can be enhanced by in-
creasing the slope of the band edge, . One way to do
this is by increasing the number of periods of the grating. Fig. 7
shows the results from a 1-D photonic crystal model for the
maximum slope (at the band edge) versus the number of periods
(length of the grating). The model is based on an effective index
approximation and a plane wave expansion. Fig. 7 indicates
that the sensitivity of this device is increasing stronger than
linear with the number of periods in the computed range. Since,
in the actual three-dimensional device, loss increases with
increasing number of periods, an optimum number of periods
may exist. Further study and more computational resources are
needed to validate this behavior outside the computed region.
From Fig. 7, we can conclude that increasing the etch depth
and thus increasing the contrast will also strongly enhance the
slope .
The optical insertion loss of the device can be significantly
reduced by using an optimized fiber-chip coupling (e.g., [8]).
Clever signal processing, e.g., by simultaneously using both
band edges in a push-pull way (requiring two light sources at
different wavelengths) will increase the sensitivity. The resolu-
tion can be increased by a factor of 10, from 1% to 0.1%, by
using a more sophisticated photodetection setup.
The resulting increase in sensitivity of at least two orders of
magnitude will make this photonic crystal sensor an interesting
building-block for densely integrated optic sensor arrays. The
stability problems and slow response time observed with bulk
thermal actuation can both be considerably reduced by using
a local heater as in [13], [14]. Using an integrated fiber-chip
coupling will also be very beneficial for increasing stability.
V. CONCLUSION
We have demonstrated a very compact refractometer sensor
based on a short deeply etched grating. An increase of the
cladding refractive index causes a shift of the transmission
spectrum of the grating toward longer wavelengths of approx-
imately 23 nm per unit index change. The steep slopes of the
photonic band edges (in our case especially, the dielectric band
edge at the long-wavelength side of the gap) can be used for
increasing the sensitivity of the device. With a simple photode-
tector, a variation of 4 10 in the cladding index could be
detected. A thermally induced spectral shift of approximately 7
pm/K was observed.
Besides an improvement of resolution by two orders of mag-
nitude by changing the detection equipment alone, we believe
that also the optical design of devices based on this sensing prin-
ciple can be further optimized. Although Mach–Zehnder inter-
ferometers will probably remain the devices of choice if the ul-
timate in sensitivity is to be attained, the deep grating device
presented in this paper may offer a good compromise between
size and sensitivity that is requiregd for the present and future
large scale integrated sensor arrays.
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